A resonant enhancement of the radiative recombination rate of nonequilibrium carriers in InAs self-organized quantum dots coupled to the tilted cavity waveguide mode, as compared to the non-resonant emission, is observed using time-resolved photoluminescence (PL) spectroscopy. The effect manifests itself by the resonant reduction of the radiative recombination lifetime at the wavelength of the maximum optical confinement factor and the minimum leakage loss of the tilted wave in the planar multilayer waveguide structure, as recorded for the PL from the facet. We believe that this observation may be important for the engineering of highly-efficient light-emitting devices with a defined wavelength and far field in both stimulated and spontaneous emission mode using all-epitaxial design.
Introduction
In the last decade considerable efforts have been made to engineer the radiative recombination rate in solid state by controlling the volume and the quality factor of the cavities to which the optical modes are coupled. As it is known, the spontaneous emission rate of an emitter resonant to the cavity mode is enhanced, while the off-resonance emission is suppressed (Purcell effect). Studies of the semiconductor microcavities with three-dimensional optical confinement have been reported. The Purcell effect was already demonstrated in micropillars [1] , microdiscs [2] , oxide-apertured vertical cavities [3] and photonic crystals [4] . All these approaches require complex processing, resulting in low output power due to the small volume of the confined optical mode, and suffer from low thermal conductivity. As opposite, planar multilayer structures provide an advantage of high-power and low cost, but were previously thought to not be suitable for efficient radiative lifetime engineering. A significant modification of the radiative lifetime was observed only from the polariton effect in planar semiconductor microcavities confined by distributed Bragg reflectors due to the exciton-photon mixing with evolution of the ultrafast photon-like mode [5, 6] . The reasons for this limited control over the spontaneous emission rate are the leaky modes of the Bragg reflectors and the continuum of tilt-angle and horizontally-guided modes of the planar cavity [7] . The emission wavelength of these cavities is strongly correlated with the observation angle, and the shorter wavelength components are further masked by the angle of the total internal reflection.
Recently, a new all-epitaxial tilted cavity laser (TCL) design for selection of angle and wavelength-stabilized mode of the waveguide has been proposed [8] . The concept of the waveguide enables us to achieve wavelength stabilization by having a strongly leaky waveguide with resonantly reduced leakage loss at the desired wavelength. The high quality factor is realized at a certain angle of incidence, which defines also the resonant wavelength. The TCL represents the antiguiding structure, where the resonant-tilted mode is 'forced' in the active region by a narrow stopband interference reflector, while the optical confinement factors for all the parasitic modes are strongly suppressed. Wavelength-stabilized lasers were realized using this concept with the emission wavelength irrelevant with respect to the bandgap of the active media used, and temperature stabilization of the lasing wavelength similar to that in vertical cavity surface-emitting lasers. Moreover, as the minimum loss wavelength is not directly linked to the refractive index, an arbitrary control over the temperature wavelength shift is possible: from positive wavelength shift with temperature to zero or negative.
The structure studied is similar to those used for TCLs [9] and consists of a cavity, into which the active region is placed, and a multilayer interference reflector. A schematic illustration of the tilted cavity laser structure is shown in figure 1 . The cavity has a narrow dip in the reflectivity spectrum at the tilted incident of light in the crystal. The multilayer interference reflector has a narrow stopband whose spectral position is also a function of the tilt angle. The spectral position of the cavity dip and of the stopband maximum coincide at only one certain wavelength, which defines the minimum losses and the maximum optical confinement factor in the structure. The tilt angle and the wavelength of the minimum loss mode are thus fixed, and the waveguide becomes essentially a tilted cavity mode waveguide in the TCL. Since the cavity dip and the stopband maximum shift at different rates with the angle, the deviation of the angle from the optimum value leads to a decrease of the cavity Q-factor and an increase of the leakage losses. Self-organized InAs quantum dots (QDs) can be used as the active media of the waveguide to serve as markers for radiative recombination control. The coupling of the QDs to the only one confined mode with on-resonant enhancement in Q-factor should lead to a strong enhancement in the radiative recombination rate. In small 3D cavities, one can speak about the Purcell effect, while in layered structures one can consider the effect as inhibition of parasitic spontaneous recombination.
In this work we report time-resolved photoluminescence studies providing direct evidence of significantly enhanced (by a factor of 1.5-1.6) radiative recombination rate at the resonant wavelength of the tilted cavity waveguide structure, both as compared to the non-resonant wavelengths within the tilted mode and with respect to the emission in the surface direction.
Experiment
The sample was grown by molecular beam epitaxy on n + GaAs substrate. The multilayer interference reflector was Si doped up to 10 18 cm −3 and comprised 14 periods of GaAlAs/GaAs layers. A cavity comprised 1151 nm Si doped GaAlAs, 69 nm thick undoped GaAs into which two layers of InAs quantum dots (QDs) overgrown by InGaAs alloy were embedded and finally 2303 nm C-doped GaAlAs with 0.3 µm GaAs contact layer were grown. The QDs emit at 1.3 µm at room temperature. The aluminium content of GaAlAs in all layers was 80%. A more detailed description is given elsewhere [10] . Time-integrated photoluminescence (PL) and time-resolved PL measurements were performed using a Ti-sapphire laser delivering 1 ps pulses at a repetition rate of 80 MHz. The PL was collected from the surface and from the edge of the sample (as indicated by the arrows in figure 1 ). The excitation wavelength was fixed at 770 nm; the averaged excitation density was chosen to be 1 W cm −2 . The luminescence was dispersed with two 0.35 m monochromators in substractive mode and detected with an ultrafast photodetector (micro channel plate) in single-photon counting regime. The temporal resolution of the system was 50 ps. The decay times are found from a fit of the measured data to exponential decays. The time constants were measured at different excitation densities in order to avoid stimulated emission. PL data were collected at 300 K and 2 K. Low temperature studies were important to prevent hopping of carriers between QDs prior to their radiative recombination. The room temperature electroluminescence (EL) was detected from shallow-mesa devices with a 100 µm stripe width. For PL measurements the upper GaAs contact layer was chemically removed from the structure. Figure 2 shows the time-integrated PL spectrum obtained from the edge of the TCL structure in comparison with the EL spectrum. The shape of the EL and PL spectra fits the calculated wavelength dependence of the inverse leakage loss [9, 10] . The emission with a maximum at 1.27 µm and a full-width at half-maximum of ∼25 nm corresponds to the resonant wavelengths of the tilted cavity waveguide mode. In this spectral region the losses of the optical mode to the substrate are minimal; thus the quality factor (Q) is enhanced. Figure 3 shows the photoluminescence spectra and the measured decay times versus the wavelength obtained from the surface (a) and the edge (b) of TCL at 2 K. The shape of the spectra obtained at 2 K from the edge repeats the edge spectra obtained at RT but with 50 nm temperature shift. Note that the temperature shift is smaller than the temperature shift of the InAs/InGaAs QDs band gap (∼100 nm), since the temperature dependence of the tilted cavity structure resonant wavelength is determined by the temperature dependence of the spectral position of the cavity dip and the stopband maximum intersection [9, 10] . We systematically studied the excitation density dependence of the radiative decay time. It was found that the decay time does not depend on the excitation density. We also note that the spectral studies were always corrected to include the non-zero intensity level between the pulses due to the emission from deep centres in the GaAs substrate showing a long decay time. In general, the direct comparison of the results in edge and surface geometry is not completely straightforward. For example, only the emission originating within about one or only a few millimetres from the edge can exit the crystal as defined by leakage and selfabsorption effects. Also, only about a few per cent of this emission coming to the facet in edge geometry, which fits to angles below the angle of total internal reflection at the semiconductor-air interface, can exit the crystal. Most of the emission propagating through the waveguide returns back into the crystal and may be reabsorbed. Stimulated emission is another important effect, which may hinder interpretation of the results in edge geometry. The stimulated emission decay, however, is a strong function of the excitation density. Thus, we could clearly distinguish the origin of the luminescence by this feature. In our case no impact of the excitation density on the decay time was found.
Results and discussion
The shape of the PL spectra recorded from the surface differs significantly. The origin of the surface modulation in this case is the interference due to the underlying multilayer structure at normal incidence. The surface PL decay time dependence (see figure 3) does not show any significant spectral changes, except for the short wavelength part (shorter than 1180 nm), when the excited states start to contribute.
As opposite, the edge PL decay time dependence exhibits a sharp minimum at a resonant wavelength that corresponds spectrally to the tilted cavity resonant line. A small difference between the position of the edge PL maximum and the position of the decay lifetime minimum is caused by the superposition of the quantum dot density of states, which is strongly shifted to higher photon energies, as compared to the TC resonance wavelength. The tilted cavity waveguide transparency window is placed directly in the range of the strongest gradient of the density of QD states. This effect also causes strong asymmetry of the emission line, which is not observed at 300 K (see figure 2 and [9, 10] ). At room temperature the maximum of the QD density of states overlaps with the tilted mode resonance, as the structure was designed for operation at and near room temperature. Thus, the radiative decay time is more sensitive to the spectral position of the tilted cavity resonance as compared to the time-integrated PL spectra. This effect becomes of particular importance for wavelength stabilization in stimulated emission and lasing cases, when the radiative recombination probability enters gain coefficients.
The radiative lifetimes at low temperatures in similar types of InAs QDs, but inserted in bulk-like GaAs matrix, were studied by many authors [11] [12] [13] [14] [15] [16] . The radiative lifetime for the ground-state transition of InAs QDs of similar size was found to be in the range of 0.8-1.3 ns. QDs, formed by activated decomposition of InGaAs alloys on top of InAs stressor islands, show PL decay times of about 1 ns [16] . Thus, the observed enhancement of the radiative lifetime of QDs (up to 1.7-1.9 ns for non-resonant QD luminescence) can be attributed in our case to the reduced optical confinement factor for QDs placed in the anti-guiding structure. This suppression is important to enable the observation of the resonant enhancement of the radiative recombination rate for the tilted cavity mode having a high-optical confinement factor. To come to practical applications in highly-directional and high-power light emitting diodes one needs, however, to increase the contrast in the decay rate further by about a factor of 2. Figure 4 shows the surface (a) and edge (b) photoluminescence decay at 2 K for two wavelengths. The first is in the tilted cavity resonant line (1220 nm) and the second is shorter than the resonance spectral region (1200 nm). From the slope dependence of the logarithmic intensity plot, the edge spontaneous lifetime for the 'on-resonant' curve is 1.35 ns, whereas for the 'off-resonant' curve it is about 1.8 ns. Thus, the edge geometry decay of the PL is faster by a factor 1.5 for on-resonant QDs as compared to that for off-resonant QDs and that of the surface emission and, even stronger (∼1.6) contrast is revealed for the long-wavelength non-resonant part of the spectra (see figure 5 ). We believe that the faster decay rates result from the spontaneous emission enhancement due to the coupling of on-resonance QDs to the tilted cavity mode, providing a high optical confinement factor for the QD region. No changes in the surface recombination decay traces for both on-resonance and off-resonance QDs are observed ( figure 4(a) ), as no depopulation of the resonant QD states takes place on average in this case due to the reflection from the edge facet and self-absorption. The decay time is ∼1.7-1.9 ns for surface emission and for the edge offresonance QDs.
Conclusions
Time-resolved PL spectra of a tilted cavity waveguide structure with QDs are studied in edge and surface geometry. The radiative lifetime modification caused by the strongly modified optical confinement factor (or the cavity Q-factor) is observed. In edge geometry the spontaneous emission rate increases by a factor of 1.5-1.6 at the TCL resonant wavelength and the character of the change coincides with that of the waveguide loss. The effects are explained both on a language of optical loss and optical confinement factor engineering. The light emission probability is a strong function of the refractive index of the surrounding material [17] . In the tilted cavity design it is only one wavelength at a certain angle, which is effectively coupled to the GaAs-AlGaAs waveguide material. This enables directional efficient light-emitting diodes, which are based on spontaneous, and not only stimulated radiative recombination of injected carriers. Ideally, the light emission at all the parasitic wavelengths and directions can be strongly suppressed. Thus, a further optimization of the design is needed, to realize efficient and directional light emitters operating in the spontaneous recombination mode.
